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Abstract
Transportation of natural gas through high pressure offshore transmission pipelines has been simulated by numeri-
cally solving the governing equations for one-dimensional compressible viscous heat conducting flow. For the implicit
method the energy equation is solved one time step behind the continuity and momentum equation. Compared to solving
all three equations simultaneously, this will decrease the computational time for each time step during the simulation.
Under typical operating conditions for export pipelines in the North Sea this does not affect the results in any major
way, indicating that the changes in temperature are sufficiently slow to allow the energy equation to be solved separately
from the continuity and momentum equation.
c© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee of
2nd Trondheim Gas Technology Conference.
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1. Introduction
Natural gas is an important energy resource in Europe and the rest of the world. North Sea natural gas
is transported from the continental shelf to processing terminals on the Norwegian mainland and then fed
into long export pipelines to continental Europe and the UK. The offshore transportation system, which is
operated by the Norwegian state owned company Gassco, consists of a network of 7800 km large diameter
high pressure pipelines. An overview of the gas transport system is given in Fig.1. Measurements of the
state of the gas, such as pressure, flow rate, composition and temperature are done only at the inlet and outlet
of the pipelines. To know the state of the gas between these two points one has to rely on computer models.
These models are used to monitor the gas, predicting the pipeline hydraulic capacity and providing estimated
time of arrival for unwanted quality disturbances and pigs. Gassco uses one-dimensional simulator tools to
model the flow of natural gas in their network. It is crucial that these models are as accurate as possible,
but at the same time they are required to calculate the updated flow conditions in a fast and efficient way.
Conditions in the pipelines are usually transient due to varying demands in supply or sudden shut down or
failure of the operating system.
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Fig. 1. Overview of the Norwegian natural gas transport system in the North Sea which Gassco operates. Figure courtesy of Gassco.
Simulation of gas transmission involves the numerical solution of a system of initial valued partial
differential equations for mass, momentum and energy conservation which are of a hyperbolic type. The
governing equations and different numerical solution techniques can be found in base literature articles, for
instance by Thorley and Tiley [1]. Different numerical techniques include the method of characteristics,
finite difference and finite volume methods. Poloni et al. [2] compare the method of characteristics and the
explicit finite difference method for unsteady pipe flow. An explicit finite difference method is fast and easy
to implement, but the time step is restricted by the stability criterion. The implicit finite difference method is
unconditionally stable with respect to the choice of time step and is therefore often used in one-dimensional
unsteady flow simulation tools.
If the changes in temperature along the pipeline are small, an isothermal model can be applied. Only the
continuity and momentum equations have to be solved for the flow. An isothermal model for transient flow
using an implicit finite difference method is given in the paper by Kiuchi [3]. However, for large pipelines
operating at high pressures the gas entering the pipeline usually has a temperature which is higher than the
ambient temperature. Heat exchange with the surroundings and cooling due to expansion (Joule Thomson
effect) will contribute to a significant temperature drop along the pipeline. One therefore has to, as shown
by Osiadacz [4], solve the non-isothermal model. This was done, for instance by Abbaspour and Chapman
[5] and Chacykowski [6]. In both these articles an implicit finite difference method is used to solve the
continuity, momentum and energy equations for the flow. In the first case the Newton-Raphson technique
is used to solve the resulting system of non-linear equations, while in the latter case the implicit multistep
Gear’s method was used.
Solving the implicit non-linear system of equations using the Newton-Raphson technique is very time
consuming and becomes impractical when working with large pipeline networks. The CPU time can be
greatly reduced by linearizing the non-linear terms about the previous time step and solving the implicit
linear system of equations. The procedure is given in the article by Luskin [7]. Commercial software may
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also solve the energy equation separately from the continuity and momentum equation in order to reduce
the CPU time further. This decoupling of the energy and momentum budget makes the resulting system
of equations easier to solve and reduces the CPU time for each time step. However, since the flow is
considered compressible and viscous, decoupling the energy equation from the continuity and momentum
equations will introduce an error in the solution, as the temperature is a function of pressure and density. In
Gasscos case, even though one models also flows with large transients, the change in temperature in space
and time is assumed to be sufficiently slow so that decoupling the energy equation from the continuity and
momentum equations will not introduce a significant error. This will be investigated in the following. This
article will present a transient model for one-dimensional pipeline flow, and two options for solution strategy
will be considered; fully coupled or one-way coupled momentum-energy budget.
2. Governing equations
The governing equations describing one-dimensional compressible viscous heat conducting flow are
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The continuity and momentum equation are expressed in conservative form while the energy equation is in
the non-conservative internal energy form. The density ρ can be exchanged for the pressure p by using a
real gas equation of state
p
ρ
= ZRT (4)
where Z = Z(p, T ) is the compressibility factor. There exist several different types of equations of state.
The sensitivity of the pipeline gas flow model to the selection of the equation of state was investigated by
Chaczykowski [8]. In the following the Soave Redlich Kwong (SRK) [9] equation of state has been used to
determine the Z factor. The Colebrook-White correlation [10] was used to determine the friction factor f
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where  is the surface roughness and Re the Reynolds number of the flow. The last term in the energy
equation accounts for heat transfer between the gas and the medium surrounding the pipeline, where Ta is
the ambient temperature and U the total heat transfer coefficient. By trading the density for the pressure
and introducing the mass flow rate m˙ = ρuA (A being the constant pipeline cross-section) the governing
equations become
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The procedure for deriving Eqs.6-8 is given in the article by Chaczykowski [6]. In this work the momentum
equation (Eq.7) is derived from the conservative form (Eq.2), instead of the non-conservative substantial
derivative form as used by Chaczykowski.
3. Numerical formulation
Equations 6 - 8 have to be solved numerically. If all terms are discretized in a fully implicit way, one has
to simultaneously solve a system of non-linear equations. Abbaspour and Chapman [5] do this by using the
Newton-Raphson technique, but this is very time consuming and impractical. The non-linear terms can be
linearized about the previous time step as in the article by Luskin [7]. This gives an implicit linear system
of equations which can be efficiently solved at each time step. After the equations are linearized they are
discretized in time and space. The pipeline is divided into N sections and N+1 grid points. Section j is the
section between point i and i+1. The flow variables are calculated at the grid points. The partial derivatives
with respect to time at section j are approximated by
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where Y represents m˙, p and T . This corresponds to the discretization used by Abbaspour and Chapman,
which is second order correct in time and first order correct in space. Boundary values need to be assigned
to each variable which is being computed. The mass flow and temperature were given at the inlet, while
the pressure was given at the outlet. Two solution strategies will be considered, a fully coupled momentum-
energy budget where Eqs.6-8 are solved simultaneously at each step, or a one-way coupled momentum-
energy budget where the continuity and momentum equations are solved together using the temperature
from the previous time step, before the energy equation is solved for the new temperature using the updated
values for the pressure and mass flow.
4. Results
Two different setups will be considered. In Section 4.1 a simple test case with given boundary conditions
is investigated. In Section 4.2 the model and solution strategies will be validated using operational data from
an offshore transmission pipeline operated by Gassco.
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4.1. Test case
A 650 km horizontal pipeline with diameter 1 meter was used as a test case for the two solution strategies.
The outlet pressure and inlet temperature were kept constant at 10 MPa and 25 ◦C respectively. The inlet
mass flow varied as in Fig.2. The ambient temperature was kept constant at 5 ◦C and the heat transfer
coefficient was set to 16 W/(m2K). The gas had a molecular weight of 17.95. The pipeline was divided
into 101 grid points. A grid refinement confirmed this to be sufficient. In Fig.3 the local error scaling
for pressure, mass flow and temperature as a function of grid points N is given. The time step Δt in the
calculations was set to 60 seconds. The difference between the two solution strategies for the calculated
inlet pressure, outlet mass flow and outlet temperature is very small and not visible in Fig.4. The difference
can be seen in Fig.5-6 where the scaled inlet pressure and outlet mass flow found using the two different
strategies are shown. The computational time was reduced by approximately 20% by solving the energy
equation separately from the continuity and momentum equations.
Fig. 2. Boundary condition for inlet mass flow used in the test case.
Fig. 3. Local error scaling for pressure, mass flow and temperature
as a function of grid points N.
Fig. 4. Results for test case. Inlet pressure left, outlet mass flow middle and outlet temperature right. The difference between the
two solution strategies is very small and not visible in the figure. The computational time was reduced by solving the energy equation
separately from the continuity and momentum equations.
4.2. Model validation
The model was validated using operational data from a 650 km offshore pipeline operated by Gassco.
The pipeline was divided into 98 grid points were values for m˙, p and T were stored. The length of each
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Fig. 5. Ratio of inlet pressure for the coupled and decoupled so-
lution. There is a difference of 0.1% during transient conditions,
while the difference in steady state is negligible.
Fig. 6. Ratio of outlet mass flow for the coupled and decoupled
solution. The ratio for the mass flow was found to be much less
than for the pressure.
Fig. 7. Simulated results validated against operational data for 650 km pipeline. Top figure shows inlet pressure, middle outlet mass
flow and bottom outlet temperature. Difference between fully coupled and one-way coupled solution is very small.
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section varied, depending on the inclination angle θ. Steep inclination means short grid spacing, while little
or no inclination leads to larger grid spacing. The results for both solution strategies are shown in Fig.7.
The difference between them is very small and almost not visible. The modeled inlet pressure and outlet
mass flow agree well with measured values. There is however a noticeable difference between modeled
and measured outlet temperature. Two of the most important parameters in the model are the total heat
transfer coefficient U and the ambient temperature Ta. Since the pipeline is an offshore pipeline one has to
rely on oceanographic data for predicting the sea bottom temperature. In the model presented here there is
some uncertainty in these parameters. To accurately predict the gas temperature one needs more accurate
values for the heat transfer coefficient and the sea bottom temperature in the North Sea. Even if the modeled
temperature can be improved by reducing the uncertainty in U and Ta, it is not likely that this would lead to
any major differences between the two solution strategies presented here.
Fig. 8. Comparison of two different solution strategies. Top left shows difference between modeled and measured inlet pressure for the
fully coupled and one way coupled momentum energy budget. Top right ratio of inlet pressure for the coupled and decoupled solutions.
Bottom left the ratio of outlet mass transfer for the two strategies, bottom right the ratio of outlet temperature.
In Fig.8 the ratio between the fully coupled solution and the one-way coupled solution is shown for
pressure (top right), mass flow (bottom left) and temperature (bottom right). There is approximately a 0.15%
difference in pressure, ±0.5% in mass flow and an even smaller difference in temperature. The difference
between modeled and measured pressure at the outlet is shown in the top left corner of Fig.8. The difference
between the two solution strategies is at most 0.5 bar. The computational time is reduced by solving the one-
way momentum-energy budget compared to the fully coupled momentum-energy budget. When solving the
system of linear equations at each time step the inverse of a square matrix has to be computed. For a pipeline
consisting of N + 1 grid points the fully coupled momentum-energy budget requires finding the inverse of
a 3N × 3N non tridiagonal matrix. For the one-way momentum-energy budget the problem is reduced to
finding the inverse of a 2N × 2N and a N ×N non tridiagonal matrix at each time step. This decreases the
computational time for each time step.
5. Conclusions
Transportation of natural gas in high pressure transmission pipelines has been modeled using a 1D im-
plicit finite difference method. The non-linear terms are linearized about the previous time step to give a
linear model. For long pipelines operating at high pressures one has to solve the non-isothermal model,
which means solving the three governing equations, continuity, momentum and energy at each point during
each time step. The three governing equations are coupled and have in general to be solved simultaneously.
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However, in long pipelines operating at high pressure the temperature changes in space and time are as-
sumed to be sufficiently small so that the energy equation can be solved separately one time step behind the
continuity and momentum equations. For typical long subsea export lines, it has been shown that solving the
energy equation one time step behind the continuity and momentum equations does not change the results
in any significant way. This has been demonstrated to reduce the computational time for each time step, and
it may be implemented into commercial tools for modeling gas flow in large and complicated networks. For
practical purposes a one-way coupled momentum-energy budget therefore gives just as good results as a
fully coupled momentum-energy budget and reduces the computational time for simulating flow of natural
gas in high pressure transmission pipelines.
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Appendix A. Nomenclature
A - pipeline cross-section area [m2]
cv - heat capacity [J/(kgK)]
D - pipeline diameter [m]
f - friction factor
g - gravitational constant [m/s2]
m˙ - mass flow [kg/s]
p - pressure [kg/(ms2)]
R - specific gas constant [J/(kgK)]
Re - Reynolds number
T - temperature [K]
Ta - ambient temperature [K]
t - time [s]
U - heat transfer coefficient [W/(m2K)]
u - gas velocity [m/s]
x - spatial coordinate [m]
Z - compressibility factor
 - pipe surface roughness [m]
ρ - density of the gas [kg/m3]
θ - pipe inclination angle
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